ABSTRACT Earlier studies suggested that there is a specific activity in mammalian serum and plasma that supports epidermal (epithelial) cell movement. This activity was shown to be nondialyzable and heat labile. In the studies reported here, using standard biochemical procedures-i.e., ammonium sulfate fractionation, ion-exchange and gel filtration chromatography, isoelectric precipitation, and preparative polyacrylamide gel electrophoresis-we have purified a factor from human plasma that supports epidermal cell movement. The factor travels as an apparent single band on disc gel electrophoresis and corresponds to a glycosylated single-chain protein ofapproximately 65,000 ± 3,000 daltons. The purified fraction is necessary and sufficient for epithelial cell movement in three in vitro assays: (i) spreading of dissociated epidermal cells, (ii) outgrowth ofepithelial sheets from skdn explants, and (iii) epiboly, epithelial sheet movement over a floating skin explant. The purified fraction is active at a concentration of 1-2 pg/ml ofgrowth medium. It is destroyed by trypsin and its activity is augmented more than 10-fold by a second, as yet unpurified, fraction of plasma. These studies support the notion that a single protein ofplasma supports epidermal cell movement and that this protein may play an important role in wound closure. Because it supports epiboly, the most biologically relevant ofthe assays, it has been named epibolin
ABSTRACT Earlier studies suggested that there is a specific activity in mammalian serum and plasma that supports epidermal (epithelial) cell movement. This activity was shown to be nondialyzable and heat labile. In the studies reported here, using standard biochemical procedures-i.e., ammonium sulfate fractionation, ion-exchange and gel filtration chromatography, isoelectric precipitation, and preparative polyacrylamide gel electrophoresis-we have purified a factor from human plasma that supports epidermal cell movement. The factor travels as an apparent single band on disc gel electrophoresis and corresponds to a glycosylated single-chain protein ofapproximately 65,000 ± 3,000 daltons. The purified fraction is necessary and sufficient for epithelial cell movement in three in vitro assays: (i) spreading of dissociated epidermal cells, (ii) outgrowth ofepithelial sheets from skdn explants, and (iii) epiboly, epithelial sheet movement over a floating skin explant. The purified fraction is active at a concentration of 1-2 pg/ml ofgrowth medium. It is destroyed by trypsin and its activity is augmented more than 10-fold by a second, as yet unpurified, fraction of plasma. These studies support the notion that a single protein ofplasma supports epidermal cell movement and that this protein may play an important role in wound closure. Because it supports epiboly, the most biologically relevant ofthe assays, it has been named epibolin It has long been recognized that the motility ofmature epithelial cells in vitro depends on the presence of serum in the culture medium (1) . Although little attention has been given to the role ofserum in these systems, it has been assumed by some workers that the serum requirement is a property ofwhole serum-i.e., this property cannot be separated from whole serum. Nevertheless, in the past attempts have been made to identify the serum component that supports epithelial spreading (2) (3) (4) (5) (6) (7) (8) . In this report we describe the isolation and partial characterization of a plasma protein that alone in defined culture medium supports epithelial cell movement. A brief report describing this work has been made (9) . MATERIALS AND METHODS General. All chemicals used were ofreagent grade purchased from local suppliers. Water was singly or doubly distilled. All buffers were made 0.02% in NaN3 and 0.1 mM in phenylmethylsulfonyl fluoride (Sigma). Dialysis bags were prepared as described (10) . In all tissue culture experiments Dulbecco's modified Eagle's medium (DME medium) (GIBCO) containing antibiotics (5) was used. The cultures were incubated at 35-38°C (model 28, Thelco Oven, Chicago, IL) in 95% air/5% CO2, in a water vapor-saturated environment. In a typical experiment the fractions to be tested were dialyzed against 0.1 mM Tris-HCl (pH 8.0) plus 150 mM NaCl then added to an appropriate volume of 2x DME medium and sterilized by Millipore filtration (0.45-pym pore diameter).
Assays. Three different epidermal cell spreading assays were employed ( Fig. 1 ): dissociated epidermal cell, explant outgrowth, and epiboly. For the dissociated epidermal cell assay 0.4-mm-thick sheets of truncal skin were removed from deeply anesthestized (ether) 200-250-g Hartley. male guinea pigs by using a dermatome (Norelco, North American Philip, Holland) after clipping the fur and treating with a depilatory cream (Neet, Whitehall Laboratories, New York). Epidermis (without dermal contamination, as judged by light microscopy) was stripped from this preparation after incubation at 37C for 30 min in trypsin (GIBCO no. 7010) at 0.5 mg/ml in calcium and magnesiumfree Tyrode's solution. Epidermal cells were shaken and scraped from the epidermis, centrifuged, suspended in DME medium, and counted (hemocytometer). Approximately 2 X 105 cells suspended in DME medium were placed in each Petri dish (34 x 10 mm, Falcon), and incubated at 37TC. After 2 hr the supernatant medium was discarded and replaced by test medium. At this time 10% of the cells were adherent but none were spread. After incubating 12-20'hr in the test medium the number of spread cells per 100 attached nonkeratinized cells counted was determined by staining the cells with Giemsa stain (5) . The number of spread cells divided by the protein concentration (mg) ofthe spreading fraction in the growth medium was expressed as spreading units. A cell was considered spread if its cytoplasm was distributed on the substratum in a radial or polar pattern (11) . For the epidermal outgrowth assay and the epiboly studies the procedures ofStenn and Dvoretzky (5) were followed explicitly.
Plasma Fractionation. See Table 1 . Human plasma from normal donors obtained from the Yale-New Haven Hospital Blood Bank 1-2 weeks after bleeding was cleared by centrifuging at 5000 x g for 20 min at 4°C (Beckman J6-B centrifuge). At 4°C, a saturated solution of(NH4)2SO4 was added to 1 liter ofplasma. The precipitate occurring at 33.3% saturation was discarded after centrifugation (500 x g, 20 min, 4°C). The 66.7% NH4)2SO4 precipitate was retained, solubilized in 400 ml of distilled water, and dialyzed against four changes of 4 liters of 50 mM Na2HPO4NaH2PO4 (pH 6.0) for 24 hr. One-quarter of the dialysand was added to a DEAE Bio-Gel A (100-200 mesh; Bio-Rad) column (8 x 8 x 11 cm) equilibrated with the dialysis buffer and the column was washed until the effluent had an absorbance at 280 nm of less than 0.05. The active fraction was eluted stepwise with 50 mM NaH2POJNa2HPO4 (pH 6.0) plus 100 mM NaCl, pooled, and dialyzed against three changes of4 liters of0.5 mM NaH2POdNa2HPO4 (pH 6.0) for 24 hr. The dialysand was cleared by centrifugation and titrated to pH 5.3 with 0.1 M HCl with' slow stirring. The supernatant was cleared by centrifugation and again titrated to pH 4.6. The Abbreviation: DME medium, Dulbecco's modified Eagle's medium.
The publication costsofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 The preparations in C andD were each incubated in DME medium + cofactor preparation (0.5 mg/ml) + purified spreadingprotein (step 5 material at 100 jg/ml).
precipitate was collected by centrifugation and then dissolved in 24 ml of 50 mM NaH2POdNa2HPO4 (pH 6.0) plus 100 mM NaCi. This isoelectric precipitation step was then repeated identically. The active fraction from gel filtration (Fig. 4 ) (approximately 4 mg protein) was applied to a large slab gel (0.5 X 12 X 16cm) across which a potential ofL1OV was established.
The active fraction was eluted electrophoretically in an apparatus similar to that described by Doly and Petek (12) , using the Davis buffer system (13) . The protein yield of this elution step was 40%. The eluate was washed with 50 mM NaH2POJ Na2HPO4 (pH 6.0) plus 100 mM NaCl, concentrated (Amicon filter PM-30), and stored at room temperature.
Electrophoresis and Protein Chemistry. Analytical disc gel electrophoresis was conducted with the nondenaturing system ofDavis (13) 
RESULTS
Epithelial Cell Spreading Assays. A rapid dependable assay was crucial to the isolation of a plasma fraction supporting epithelial movement. In this study three assay systems were used: dissociated epidermal cell spreading, epidermal sheet spreading from an adherent explant, and epiboly. Although the substrata differed among the three assays (Fig. 1) , each assay appeared to be sensitive and responsive to similar properties of the culture medium; that is, a medium supporting epithelial cell movement in one assay also supported movement in the other two. The potency ofa given plasma preparation could be tested with any of the three assays, but the most rapid and easiest to quantify was that of dissociated guinea pig epidermal cells. In addition, of all three only the dissociated epidermal cell assay gave an unequivocal answer in less than 24 hr. This assay ( Fig.  1 A and B) , unlike the other two assays, showed virtually no cell spreading in the absence of an active plasma fraction. Under optimal conditions 50-60% of the adherent cells spread. Be Upper). Spreading is most sensitive to plasma concentration over a rather narrow range (0.1-0.4 mg/ml, Fig. 2 Lower); therefore, for quantitation the tested fractions were diluted so that their spreading activity lay in the 20-50% range. The dissociated epidermal cell assay was routinely used in the purification effort. Although in the other two assays (Fig. 1 C and D) some outgrowth occurred even in defined medium (DME medium for 2-3 days) alone, in no case was the epithelial spreading quantitatively as great as when an active plasma fraction was present in the culture medium. The latter two assays were also less sensitive to plasma factors in the culture medium; more active protein was needed for these assays to reflect a positive effect than for the dissociated epidermal cell assay. Activity Purification. Although our earlier studies had been done with serum (4, 5), we found in our initial purification attempts that plasma appeared equally active and that using it as the starting material obviated the clotting step. Initial studies also indicated that serum derived from platelet-poor plasma contained no less spreading activity than that derived from platelet-rich plasma (5) . That spreading activity is not a property of all fractions of plasma was supported by a gel filtration experiment (Fig. 3) . Virtually all the spreading activity (with all three assays) was associated with a retained, smaller molecular weight, fiaction.
The active plasma fraction on nondenaturing gel filtration (Sephadex G-200) eluted at the same VJVt (elution volume/ total volume) ratio (0.30) as bovine serum albumin (Schwarz/ Mann, Orangeburg, NY), though albumin itself was inactive in the assays (5) .
The most successful purification procedure involved six steps as described in detail in Materials and Methods. The yield of a representative experiment is given in Table 1 . Virtually all the spreading activity was present in the 66.7% (NH4)2SO4 precipitate. In step 3 the dialyzed active ammonium sulfate fraction was placed on an anion-exchange resin (DEAE-Bio-Gel), washed copiously, and step eluted with 0.1 M NaCl. This fraction, when assayed alone, had no greater specific activity than the material placed on the column, even though considerable inactive protein had been removed. This observation suggested that a second component had been removed in the wash. Indeed, as shown in Table 1 , adding the wash (cofactor) from the ion-exchange step (at a protein concentration of 0.5 mg/ml) to the assay enhanced specific activity more than 10-fold. The active fraction, purified further by isoelectric precipitation at pH 4.6, was poured over a gel filtration column and the active fractions were pooled (Fig. 4) . Finally, this concentrated preparation was separated in a preparative electrophoresis step. In this system the spreading activity travelled with an RF value ofabout 0.50. As described, the product yield was about 2% ofthe initial activity (assayed with the cofactor) and the final product was about 500-fold purified over plasma. The final product had a specific activity of about 60,000 spreading units (see Materials and Methods for definition of units).
Step 6 material shows on nondenaturing gel electrophoresis (13) one distinct band that corresponds well to the mobility of the spreading activity (Fig. 5). Step 6 material on denaturing sodium dodecyl sulfate gel electrophoresis shows a more diffuse band both before (Fig. 6, lane d) and after (Fig. 6 , lane e) reduction. Reduction does not reveal more than one subunit by this method, so presumably this protein is single-chained. Periodic acid/Schiff stain of this band is weakly positive (Fig. 6 , lane f), revealing that the material contains sugar and is presumably a glycoprotein. The sugars associated with this protein could lead to molecular microheterogeneity and thus explain the rather diffuse band on gel electrophoresis. The protein band has a mobility somewhat greater than that of albumin, corresponding to a molecular weight of 65,000 ± 3,000.
The purified material supports spreading in all three assays. In the dissociated epidermal cell assay in the presence of the cofactor, as little as 1-2 ,ug ofthe factor supports cell spreading. The cofactor alone is not able to support spreading; i.e., the cofactor has no direct spreading function.
Trypsin Sensitivity. Exposing the purified fraction to a 0.5% trypsin solution for 15 min at 37TC led to complete destruction ofthe spreading activity. This observation as well as the staining properties in the gels support the conclusion that the active material is a protein. (Fig. 3) has not yet been characterized, though it could represent a complex ofthe factor and cofactor or an active precursor form. Studies using a rabbit antibody to the purified spreading factor support the notion that there is only one such spreading factor in human plasma (unpublished). In contrast to other studies of factors in tissue culture, we have focused here only on epithelial cell spreading. Earlier studies indicated that the epithelial cell spreading effects observed were not due to cell growth (5) (17) (18) (19) (20) (21) (22) (23) . Recently, a serum spreading factor for fibroblasts has been isolated by Knox and Griffith (24) and Whateley and Knox (25) . This factor, purified from fetal calf serum, is a 62,000-dalton glycoprotein.
The latter protein appears to differ from the plasma factor described in this study by its origin, purification properties, and activity in the absence of a cofactor; however further comparative chemical and immunological studies are necessary to confirm a difference. Preliminary studies indicate that the plasma protein isolated here is not necessary for dermal fibroblast and aortic endothelial cell spreading (unpublished observations). The possibility that there are different spreading factors for different cell types underlines a basic difference between cell types and is consistent with the observation that there are different attachment factors for different cells (26) .
Although other attempts have been made to isolate and identify the activity in serum supporting epithelial cell spreading (2, 3, 5, 7, 8, 27) , earlier studies have not characterized that activity sufficiently for a meaningful comparison. It appears the factor described here is different from others in its cofactor dependence. What that cofactor is and how it functions are questions requiring further study.
This study did not focus on the mechanism of action of epithelial attachment and the spreading factor. Earlier studies (5) suggested that the serum factor had to be present continuously in order to observe epithelial sheet spreading. It was, therefore, the impression from those experiments that the factor does not work by simply wetting the tissue culture substratum. Other evidence indicates that protein synthesis is necessary for epithelial spreading (28, 29) , and that a proline-rich protein may be necessary (29) . How the plasma factor actually effects spreading will be answered in future experiments. Epithelial cell locomotion plays an important role in wound closure, morphogenetic sheet spreading, and cancer cell invasion. By elucidating the molecules involved in these processes we hope to acquire the tools for their control. We have identified and evaluated a molecule in plasma important to in vitro epithelial cell spreading. Because it supports epiboly, the most biologically relevant of our assays, we propose the name epibolin and for the cofactor that enhances activity, coepibolin.
